This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. We discuss the effects of the hygroscopic properties (β coefficient) and the design parameters (length/width and thickness ratios) of the composites on the actuation performance.
Introduction
Bioinspired design is a source of creativity for designers, engineers and scientists. Nature suggests several ways on how function/microstructure/material relationships and material hierarchy could be 1 used in technology [1] . Bioinspired design does not however systematically lead to any positive change in the environmental footprint [2] . The majority of recent bioinspired structural or smart materials are based on the use of synthetic carbon fossil-based components, for which their life cycle impact is not considered in their design. This class of smart composites are used to convert environmental stimuli (like temperature) into a mechanical reversible deformation [3] . In this way, an actuation functionality is directly embedded in the microstructure of the material without using complex external devices [4] . Actuators based on those principles could therefore be autonomous,
i.e. without requiring any external source of energy [5] [6] [7] [8] . The natural environment is however complex, and a pure temperature variation may not be sufficient to guarantee actuation since temperature and humidity tend to superimpose their contributions. The actuation in biological systems is indeed triggered by the day-night cycle of the humidity combined with the change of temperature [9] . The coupled variation of humidity and temperature is rarely taken into account in the design of smart materials [10] .
Biobased moisture-induced (hygromorph) actuators have been produced using asymmetrical lay-up [0°, 90°]ns stacking sequences. These bilayer composite architectures are inspired from those existing in natural hydraulic actuators like pine cone scales. The actuation is triggered by the swelling of natural fibers and the differential swelling between the layers. These composites could be made using wood bilayers [11] [12] [13] [14], paper [15] , paper/polymer [16] and natural fibers reinforced polymer configurations [17] [18] [19] [20] [21] [22] . HBCs based on thermoplastic polymers are particularly interesting for general manufacturing because of their suitability to complex shape forming by thermocompression and/or 3D/4D printing. These HBCs could also be recycled at their end of life. Targeted applications of hygromorph materials include morphing systems and deployable structures for soft robotics, sun shading or evapotranspiration membranes for zero consumption buildings [23] [12] [11] . A recent report claims that autonomous sun shading systems could reduce building heat input by 90%, resulting in saving 80 Mt CO2 per year [24] .
HBCs are however a recently new development, and the characterization of their responsiveness over broad ranges of relative humidity has not been evaluated so The present article aims to provide a comprehensive description of the effects caused by the relative moisture induced by the relative humidity RH and moisture content on the bending actuation performance of hygromorph biocomposite actuators. The first part of the article concerns the evaluation of the hygroscopic properties (i.e., sorption and hygroscopic expansion) of MAPP/flax unidirectional laminates, with a description of the moisture sorption mechanisms occurring in the composites. Flax fibers have been chosen in this study because of the availability of high quality flax reinforcement preforms (lightweight unidirectional tapes), and also in view of their moderate environmental footprint [25] . The mechanical behavior and the elastic properties of the biocomposite laminates have been then characterized under different loading cases (longitudinal or transverse tension, in-plane shear) as a function of the moisture content. This set of mechanical and sorption characteristics thus constitute a relatively large experimental database that enables the prediction of the actuation performance of these composites.
The second part of this paper is related to the simulation of the bending actuation performance of the HBCs. Analytical and numerical estimations based on the material characterization described in the first part of the article are compared to experiments. The importance of the hygromechanical properties as well as their dependence upon the geometrical parameters defining the composites are then discussed. and maleic anhydride compatibilized polypropylene (MAPP) are used to manufacture the MAPP/flax biocomposites laminates.
Manufacturing
Laminates with stacking sequences (0°, 90° and ± 45°) are manufactured by film stacking and by using a dedicated hot press moulding process (190°C for 8 min at 20 bar, with an incremental pressure applied to maintain the alignment of the fibers). The cooling rate used is 15°C/min. The samples have the following dimensions (thickness t and width w): t0° = 1 mm and width w0° = 15 mm; t90°= 2 mm and w90°=25 mm; t±45° = 2.45 mm with 32 plies and w±45° = 25 mm). The fiber content is 60% by volume [21] . The hygromorph biocomposite actuators are designed with a passive-to-active thickness ratio (n) of 0.2, which corresponds to the best curvature range previously observed for MAPP/flax HBCs [21] . Delamination issues between each layer are reduced by using the same polymer within the two layers.
Five coupons with dimensions of 70 mm × 10 mm are then cut to obtain specimens for the bending actuation experiments. By shaping the HBC with a high length-to-width ratio one can reduce the anticlastic curvature [26] , which is difficult to predict with 1D models such as Timoshenko beams,
and also approximately generate a cylinder as the actuated shape. These materials can also be used as a tool to evaluate the states of residual stress [27] [28] . The composites are systematically dried in a vacuum oven at 60°C (assumed to be close to 0% RH) before characterization. In (1) Mt and W0 are the weights of the sample after water exposure and of the dry material before sorption, respectively. All the data presented here are the average values from three replicated tests.
Mechanical characterization
Small samples of the composites (around 10 mg) are cut from the tensile specimen and placed inside the DVS. The humidity in the chamber is then maintained until the RH equilibrium set-point is reached. The samples are dried under vacuum before being exposed to a wet vapor increase; this has been done to obtain specimens with dry-weight baseline (assumed RH ≈ 0%) for the following mechanical testing. Water sorbed within the cell wall in natural fibers is fundamentally classified in two types: bound water (monolayer water) and free water (polylayer group). Bound water is an hydrate with a definite unit of the fibers molecule (OH groups for instance). Free water is not associated with OH groups, and it is mainly located in the microcapillaries ( In (2), M is the percentage moisture content at a given percentage relative humidity (H), W is the molecular weight of the cell wall polymer per sorption site, and K1 and K2 are constants. The values of K1 and K2 are determined by plotting H/M against H. Further details are presented in [30] and [31] .
To determine the water monolayer value, the method requires to monitor the sorption behavior at low RH values, thus justifying the use of the 2; 4; 6; 8; 10 and 12 % RH set-points.
It is possible to estimate the specific surface of the materials by assuming a Langmuir adsorption isotherm (low RH). One can also use the following estimate when the amount of water molecule covering the surface area of the adsorbent in a monolayer coverage (i.e., the asymptotic moisture content MC of the water monolayer Mh) and the volume occupied by a molecule in the monolayer are all known:
The value 3516 is obtained by geometry estimations from the theoretical surface covered by one molecule of water [30] . The term MCMh represents the moisture content corresponding to the first water monolayer.
For each RH condition the hygroscopic dilatation is measured on five square shaped biocomposite samples with dimensions equal to 100 mm × 100 mm × 2 mm. To ensure that the measurements are all performed under similar conditions, three lines are plotted longitudinally and transversally to the fiber orientation on each sample. The markers allow the tracking of the evolution of the dimensions of the samples by using a caliper with an accuracy of 0.01 mm and a micrometer with an accuracy of 0.001 mm.
Hygromorph and bending curvature analysis
The bending curvature of the HBC (Fig. 1a) is evaluated during the variation of the moisture by periodically taking pictures of one side of the clamped sample (HD Pro c920 Logitech®, 15
Megapixels).
Each sample is fixed with a binder clip on a very small length of the sample to reduce the stress concentration over the bilayer, and therefore leaving a free length of approximately 60 mm. Image process analysis is performed using the ImageJ® software (National Institute of Health, USA). The deformed shape is here assumed to be an arc of a circle, and the curvature is therefore measured by fitting the time-evolution of the sample to a 'circle' function (Fig.1b) . The bending curvature (κ) is calculated according to the radius of the fitted circle.
Analytical and numerical modelling
The analytical solution of a beam subjected to bending due to the difference Δb of the coefficients of hygroscopic expansion and the moisture content ΔMt is given by Timoshenko [32] , when only the longitudinal curvature is considered : In (4) and (5) m=
, where tp and ta represent the passive layer (0° layer) and the active layer (90° layer) thicknesses, respectively (Fig. 1a) . The parameter n is equal to Flax fibers are very sensitive to the moisture variation, and their sorption behavior is typically sigmoidal [33] [31]. At low RHs (<10%) the water is sorbed onto specific sites by hydrogen bonding.
When the relative humidity increases saturation of these specific sites occurs because of sorption.
The water concentration then increases linearly with the relative humidity as per Henry's law (until RH ≈ 65%). This behavior is explained by the porosity present in the single and bundled fibers, in which water is free to diffuse. The third part of the curve is well described by a power function that represents the aggregation of the water molecules. At high relative humidity levels the water concentration is large, and the water molecules link together to form clusters.
The MAPP/flax biocomposites feature 60% flax fibers by volume, which corresponds to 70% in mass fraction. The sorption here appears similar to the one observed in flax fibers, with a sigmoidal behavior ( Fig. 1c and d) . MAPP/flax biocomposites show however a greater hysteresis loop than the one of the fibers alone (Fig. 1c) . The hysteresis loop is typical of microporous media, and it is likely due to the evolution of the free volume within the material, i.e. the interfacial porosity created by the swelling and/or the shrinkage of the fibers and their bundles [34] . In addition, the water uptake generates large amounts of swelling stress [35] , which in turns can explain the difference between the sorption and desorption mechanisms. The evolution of the mechanical properties of the polymer (plasticizing effect) could also be another reason behind the presence of the hysteresis loop. Salmen [36] emphasize the strong impact of the moisture content on the elastic properties of wood fibers walls. The variation of the mechanical properties is attributed in that case to the water molecules acting as plasticizers, which enable to change the elastic stiffness of hemicellulose polymers (a fiber biopolymer with high oxygen/carbon ratio) by several decades of magnitude. Bast fibers [37] also show a bell-shaped dependency of the tensile modulus versus the water content (increase and then decrease) when subjected to quasi-static tests.
The HH model is applied here in the MAPP/flax biocomposites (Fig. 1d) by assuming that the contribution of the MAPP matrix to the moisture sorption is negligible due to the low surface energy.
The HH model (Eq 2) fits very well the experimental data (Fig. 1d) , and allows to estimate the It is possible to estimate the specific area from the knowledge of the value of Mh and the volume occupied by a molecule in the monolayer (Eq 4). The cycle of desorption and loss of water induces a drastic 40% increase of the specific area (e.g. from 64.3± 8 to 101± 7 m²/g). This confirms the hysteretic sorption/desorption process due to evolution of the free volume.
A 90% of humidity leads to a weight increase of the biocomposite by 9.3%, which is three times lower than in the case observed in similar samples immersed in deionized water (Mt immersion = 29. 9 ± 1.2 %). This difference is due to the free water transport. The presence of liquid water and a wet environment therefore imply a difference in the sorption responses of these MAPP/flax biocomposites. In terms of potential applications like large scale smart bioinspired hygromorph actuators, a large weight increase due to the water uptake may reduce the overall efficiency of the bio device.
Hygroexpansion measurements
Natural fibers exhibit large anisotropic dimensional variations that depend upon the relative humidity (RH) and their moisture content [38] . At laminate scale (unidirectional ply) the moisture induces a monotonic increase of the swelling strains. These strains are orthotropic (Fig. 1e) , and the longitudinal swelling strain (along the x axis, see Fig.1a ) is too small to be measured correctly (εhyg, x ≈ 0). On the opposite, the out-of-plane through-the-thickness strain εhyg, z measured at steady state is significantly larger than εhyg, y , which is the transverse one ( Fig. 1e) Moreover, the kinetics of the out-of-plane swelling strains is faster than the one of the transverse strains. A similar trend has been also observed on flax/polyester laminates manufactured by infusion [39] . Some likely explanations about these behaviors are provided by the effects of the geometrical constraint from neighboring fibers along the transverse direction, as well as by the presence of stress relaxation.
The actuation of the hygromorph biocomposites depends on differential hygroscopic strains within the bilayer microstructure. The control of the out-of-plane swelling could be an interesting way to enhance the responsiveness of HBCs. Its effect on the behavior of the hygromorph composites will be discussed in the following section.
From a general perspective, the behavior of the hygroscopic strains along the two z and y directions versus Mt are well described by a sigmoidal function with a high correlation (R² = 0.99) (Fig. 1e) . For values of Mt between 0 and 10% , a quasi-linear relationship is observed (R² =0.964 along y and, 0.985 along z) between εhyg and Mt, similarly to what has been observed at the fibers scale [38] . Within this range, it is therefore possible to estimate a set of swelling parameters (bz and by coefficients) that will be used as input data for the modelling of the actuation. Above Mt = 10%, one can notice that the transverse strains tend to reach a plateau, while the out-of-plane ones still have a linear dependence, followed by a softening with the moisture content (Fig. 1e) . Thus, on the whole range 0 < Mt < 30%, the hygroscopic coefficient bz, t of the MAPP/flax biocomposites depends heavily on the moisture content, probably due to the evolution of the free volume fraction [40] , the porosity located in the lumen [41] , and the effects of the fibers/fibers and fibers/matrix interface. As mentioned above, other causes could also be related to the mechanical properties (plastic effects) and the hygroscopic stress state [42] .
Evolution of the elastic properties
The elastic properties of the MAPP/flax biocomposites (longitudinal E1, transverse E2 and shear moduli G12) are evaluated as a function of RH and the moisture content (Fig. 2a, b and c) . Immersion tests have also been performed to generate the high moisture content. In summary (and as expected from classical laminate mechanics): the modulus E1 depends mainly on the properties of the longitudinal fibers, while E2 and G12 depend on the matrix and fiber/matrix interface.
Contrary to synthetic composites in which the longitudinal modulus is hardly affected by moisture due to the hygro stability of glass and carbon fibers [43] [44], the Young's modulus E1 in the MAPP/flax composites is drastically altered by the variation of moisture (Fig. 2a) . This confirms previous observations made on flax composites within smaller intervals of RH values [45] .
Similarly however to synthetic composites, the moduli E2 and G12 decrease by almost 65% within the 0 < Mt < 10% range, followed by a stabilization of the properties (Fig 2b and c) . The longitudinal and transverse properties measured here show comparable exponential decays over the moisture content.
Figure 2 Evolution of the longitudinal modulus E1 (a), transverse modulus E2 (b) and Shear modulus G12 (c) as a function of the moisture content (%).
The 90% RH and immersed samples were then subjected to drying, and an almost complete recovery of the elastic properties was obtained; this phenomenon emphasizes the presence of a plasticization mechanism, which basically results in a reversible moisture-induced softening effect [46] . By assuming that MAPP is almost insensitive to water, an increase of the moisture content reduces the longitudinal modulus of the fibers and alters the interfacial bond strength. This is confirmed by studies at different scales (cell wall [47] [48], fibers [37] and fibers/matrix interface [47] ). The decrease of the Tg of several fiber cell-walls with polysaccharides [49] is also often cited as another possible cause.
The hygromorph biocomposites (HBC)

Characterization of the actuation
HBCs exhibit as actuators a self-shaping bending response when a moisture variation is observed (Fig.   3a ). This section describes with experiments and models the behavior of these bio-based composite actuators over a wide range of humidity variation and application of the actuation.
The curvature of the HBCs was evaluated from the measurement of the X-Y coordinates of the samples during sorption/desorption from 0% to 90% RH, and during water immersion (Fig. 3b) . As the radius of curvature r is nearly constant along the length of the sample, the curvature (k=1/r) is calculated as a function of time to follow the amplitude and response time. The bilayer is almost straight at RH=50% and the curvature is nearly equal to zero. Residual stresses that combine thermal and hygroscopic stresses are then released. From this equilibrium position, the curvature of the HBC could be either positive (50-90% RH) or negative (0-50% RH).
The actuation behavior follows a common pattern in all the RH environments considered here (Fig.   3b ). Initially, one can observe a rapid increase of the curvature, followed by a plateau in which maximal curvature is reached (Fig. 3c) . The responsiveness of the HBC can be therefore defined as:
In (6), kinitial is the initial curvature at 0% RH (-0.026 ± 0.0015 mm -1 ), and kfinal is the curvature obtained at the stationary regime.
The responsiveness of the MAPP/flax HBC significantly depends upon the humidity range. The experimental data fit well an exponential dependence (R²=0.98, Fig. 3d ), in which kmax at 90% RH is doubled compared to the analogous value at 50% RH; this is explained by the moisture sorption and the swelling behavior (Fig. 1c, d and e) . If a large HBC deployment is targeted, a humidity lower than 50% would not provide an efficient deploying actuation, and variations within the 50-90% RH range should be instead preferred. It is also worth of notice that these hygromorph actuators are currently manufactured using an apolar MAPP matrix and flax fibers. The use of a moisture-sensitive polymer could however provide wider actuation ranges. The responsiveness of the HBC exhibits a relationship with the moisture content that follows a sigmoidal function. This behavior may be divided into an almost linear trend at moistures lower than 10%, followed by a stabilization (Fig. 3e) . When measured in immersion, kMax is around 30% higher than kMax at the 90% RH case, while the immersion Mt is 300% higher than at 90 % RH (Fig. 1d) . This can be explained by the evolution of the hygroscopic strains εhyg, y (Fig. 1e) , which is strictly correlated to the water accumulation in the free volumes, the softening of the polymers and the presence of defects.
The responsiveness depends on the hygro-elastic strains due to anisotropic swelling ability of the flax composites beyond the moisture content present in the laminate. The swelling of the natural fibers and their laminates is therefore the key factor to develop high-performing biocomposite actuators. The reactivity or actuation speed of the HBCs is determined from the initial slope of the curvature as a function of the actuation time (Fig. 3c) . For this reason, it could not be presented as a function of the single moisture content, but rather of a moisture content range.
Reactivity is increasing monotonically with RH with a bilinear behavior (Fig. 4a) . The change in slope is located at around RH = 30%, which corresponds to the beginning of the plasticization of the polysaccharides, lignin, pectin and hemicellulose in the flax fibers [41] [49]. The reactivity then accelerates sharply, in a similar way to the responsiveness (Fig. 3d) . During the immersion the actuation speed is fivefold compared to the case at 90% RH. At 90% RH moisture clustering happens through capillary condensation. On the opposite, when the sample is immersed, the water is in a liquid state, and capillarity is directly activated. By increasing the moisture gradient, i.e. with larger humidity ranges (from 0 to RH), it is therefore possible to facilitate the transport of moisture within the biocomposite actuator.
There results show again that higher humidity levels (> 50%) should be adopted to make an efficient use of the MAPP/flax HBCs.
Similarly to wood bilayer types, hygromorph biocomposite actuators could also be used in evapotranspiration cladding or membranes [11] [12] [23] , shading [50] , soft robotics systems [51] or more generally for morphing structures. For those applications, the reversibility of the actuation during the sorption/desorption cycles is a key factor to their efficiency.
The reversibility trails have been performed by using the following protocol. The samples have been stored at 10 % RH until their saturation weight was reached. The specimens have then been moved in a 90% RH chamber, and their actuation characterized (Fig. 4b) . The 90% RH saturated samples have then been dried to 10 % RH (Fig. 4b) , followed by the application of incremental humidity loads (from 0 to 10, 30, 50, 70 and 90 % RH and then drying - Fig. 4c ).
The first observation is related to the full reversibility of the MAPP/flax HBC samples during this sorption/desorption cycle. Thus, when the stimulus is removed the system returns automatically back to its lower energy state. The moisture-induced damages (matrix, fibers/matrix cracking) due to the internal stress state within the asymmetric laminate are therefore limited.
During the desorption (Fig. 4b) the MAPP/flax actuators show a hysteretic behavior that has already been observed from the sorption measurements (Figs. 1c and d 
Morphing behavior
The HBCs considered in this work have a slender geometry (length to width ratio of 7), with an asymmetrical bilayer stacking sequence and specific n ratio (tp/ta = 0.2 [21] ). The theoretical values of the curvature are calculated using the Timoshenko bimetallic model with experimental data as an input (Table S1 , supplementary information), and compared to the experimental values (Fig. 4d) .
A similar trend to the responsiveness is observed here for medium to high RH values (50-90% RH), with a slight (≈ 8%) underestimate for 50 < RH < 75%, and a 14% overestimate at RH=90%. Some more significant discrepancies are however observed at low RH (10-30% RH), with differences from 215 to 350 % (Fig. 4d) . The modified Timoshenko model assumes a longitudinal curvature, and the effects of the Poisson's coefficients and the anisotropic properties of the MAPP/flax laminates (i.e.
the transverse curvature) are not taken into account. No boundary condition effects such as clamping are also considered, and displacements significantly higher than the laminate thickness are present.
From the above considerations it is therefore evident that the assumptions of the Euler-Bernoulli beam theory underpinning the Timoshenko are not satisfied here, hence we use a more complex finite element model based on classical laminate theory. Plane stress conditions are applied for the laminate plies and nonlinear geometric deformations are also considered. Nevertheless, the numerical results are within the same range of those provided by the analytical model (Fig. 4d) . The slender geometry and the value of the passive to active thickness ratio imply that the transverse curvature effects are truly negligible (Fig. 4e) .
During the simulations two major assumptions have been made. The first is that only the transverse isotropic swelling is considered. This is a very strong assumption, because the out-of-plane hygroscopic strains could be up to four times higher than transverse ones (Fig. 1e) . However, by using the analytical model and modifying the overall thickness t with the out-of-plane hygroscopic strains (εhyg, Z = 6.26 ± 0.30 %) one obtains results only slightly different from the theoretical ones (Fig. 4f) .
The second assumption is that the β hygroscopic coefficients are assumed to be constant. This is not however what the experiments have shown here (Fig. 1e) , because a sigmoidal function fits better the experimental data than a linear regression one (R² sigmoid = 0.99, while R² linear =0.964). The use of the sigmoid function allows to reduce drastically the difference between the analytical model and the experimental results, especially at low RHs (Fig. 5a ). Discrepancies however still remain for RH values below 50%, and this would need future further investigations. 
4-Conclusion
The objective of this work was building an experimental and modelling database to describe the moisture-induced actuation of bioinspired natural fibers composites hygromorph biocomposites (HBC). Hygro-mechanical experiments have been performed on unidirectional composites and asymmetric lay-up (bilayer) specimens and compared to simulations carried out with analytical and numerical simulation tools.
Similarly to what occurs in natural hydraulic actuators such as pine cones, the actuation on MAPP/flax hygromorph biocomposites is caused and limited by moisture sorption and transport. Sorption at the HBCs scale is comparable to the one present in flax fibers, which is well represented by the use of the HH model that underpins a multi-step process of moisture sorption and transport.
The hygroscopic coefficient of the MAPP/flax biocomposites depends on the moisture content, and features a trend similar to the one observed for the HBC responsiveness. This suggests that the actuation in HBCs depends on a hierarchical sorption/swelling mechanism. The sorption and swelling could be controlled by a multiscale interaction between the free volume fraction in the fibers lumen, and the fibers/fibers and fibers/matrix interfaces during sorption. In addition, the constraining effect of the matrix and the adjacent plies would provide a plasticizing effect, as well as the creation of hygroscopic stresses. This could also play a role in the overall sorption/swelling process of the biocomposite. The HBCs exhibit promising shape change and reactivity within the whole interval of relative humidity considered (10-90% RH), with a change of sign of curvature at 50% RH (Mt ≈ 3%).
An acceleration of the actuation is observed as soon as the value of 30% RH is reached. Environmental conditions that involve a variation of moisture between 50-90% RH appear to provide the best efficiency in these MAPP/flax HBCs. Similarly to previous results in open literature related to full immersion tests, the relationship between the shape change and the moisture content does not show a clear dependence. A sigmoidal behavior however fits well the experimental data, and that implies that a multi-step actuation process occurs in these biocomposites.
Both an analytical model based on modified Timoshenko equations and a classical laminate theory finite element one provide correct estimations of the curvature, especially between 50-90% RH.
Below a relative humidity of 50% the two models do however fail to reach acceptable agreements with the experimental data. Further investigations about sorption, swelling and subsequent hygroscopic stress states will be required to develop satisfying predicting tools over broad humidity ranges. The numerical simulations have also highlighted that the slenderness of these biocomposites has no influence on their shape change characteristics, which opens multiple design opportunities.
